In this work, a three-dimensional lattice Boltzmann method is developed for numerical simulation of the fluid flows 
INTRODUCTION
In a wide range of applications with complex flow physics and geometries, the lattice Boltzmann method (LBM) was found as a promising efficient technique for solving flow problems in comparison with the conventional solvers based on the Navier-Stokes equations. The LBM studies the fluid flow with mesoscopic physics in which the particles 3 interpolation-or differential-type schemes [9] [10] [11] . These approaches eliminate the instability problem of the LBM with decoupling the time and space discretizations [12] . Although these schemes provide stable solution for LBM, the stencil used in discretizing the spatial derivatives sacrifices the locality of the collision of particles. Consequently, one of the main benefits of the LBM for efficient parallel computation is lost [13] . Another well-known approach to alleviate the stability limits of the LBM in solving high Reynolds number flows is to use the multi-relaxation-time (MRT) [14, 15] instead of the standard single-relaxation-time (SRT) approach. The MRT approach allows to select different values for the relaxation time parameter to keep the kinematic viscosity to be positive and consequently improves the numerical stability of the LBM. However, the MRT-based approach impacts the computational cost, especially for solving the three-dimensional and practical flow problems.
One further idea to improve the stability of the LBM is based on the preventing growth of the high-frequency spurious waves originate usually from boundary conditions and nonlinear flow features in the flow domain. It is found that implementation of boundary condition for the open boundaries strongly deteriorate the stability of interior solution because of spurious wave reflections [16] in most of the numerical methods, as well as the standard LBM.
Non-reflecting boundary conditions (NRBCs) are developed to improve the numerical stability of the flow solutions by controlling the wave reflections from the boundaries. There are three main categories for NRBCs, including characteristic boundary conditions (CBCs) [17, 18] , absorbing boundary condition based on the perfectly matched layer (PML) concept [19, 20] and based on the sponge layer concept [21, 22] . These types of boundary conditions are successfully implemented to have stable numerical computing and realistic results based on the Navier-Stokes equations [17, 19, 21] and LBM [18, 20, 22] .
Most of the previous LBM developed in literature by implementation of absorbing boundary conditions are used for solving the aeroacoustic problems. The behavior of spurious reflections at the open boundaries and their effects on the stability of LBM for high Reynolds number flows was rarely considered. In the present work, the stability problem of the standard LBM with SRT-based approach and Bhatnagar-Gross-Krook (BGK) approximation for solving the high-Reynolds number flow problems is assessed by implementing absorbing boundary conditions in the outlet boundary. It is shown that using this approach implies a stable solution, even with employing the standard LBM for solving the flow problems in turbulent regime, with absorbing the vorticity fluctuations and eliminating the spurious waves generated by nonlinear flow features and preventing reflection to the interior solution domain. Herein, the concept of sponge layer zone is employed to damp the reflecting spurious waves from the open boundaries. An improvement is also proposed for this approach which is discussed in details in section 3. The LES methodology with the Smagorinsky subgrid model is used for turbulent flow simulations [23] . The accuracy and efficiency of the 4 D3Q19 SRT-lattice Boltzmann method implemented are investigated by solving incompressible flows around the practical geometries at different conditions. In the present paper, the stability and accuracy of the incompressible flow solver developed for solution of flow problems in a wide range of Reynolds numbers is shown by implementing an off-lattice wall boundary condition for curved geometries and an absorbing boundary condition to the standard SRT-LBM with BGK approximation.
The paper is organized as follows: A brief introduction to the D3Q19 lattice Boltzmann single-relaxation-time method is presented in Section 2. Section 3 deals with the implementation of the curved boundary conditions with an interpolated off-lattice scheme. Applying procedure of the sponge layer technique near the open boundaries is also described in section 3. The numerical results for two flow problems are presented and discussed in Section 4 to examine the performance and accuracy of the solution of the LBM implemented. Finally, some conclusions are made in Section 5.
NUMERICAL SOLUTION METHOD

LBM for Solution of Laminar Flows
The single relaxation time LB equation used with the collision term in the BGK approximation can be expressed as [24] :
f t c x is the particle (mass) distribution function,  is the collision relaxation time, e denotes the microscopic velocity of the particle and eq f defines the equilibrium distribution function (the Maxwell-Boltzmann distribution function). The right hand side of Eq. (1) (collision term) models the fluid viscosity effects on the molecular level through the collision process. A three-dimensional cubic lattice model with nineteen particle velocity directions (D3Q19) is employed to discretize Eq. (1) in the lattice configuration as
where  denotes the possible direction of the particle velocity e . Figure 1 indicates the directions of the discrete velocity e  for the D3Q19 discrete Boltzmann model employed, that are given as
x t is the lattice speed. x and t are the grid spacing and the time step size, respectively, which are assumed to be unity.
The equilibrium distribution function eq f can be expressed as: C is the Smagorinsky model constant, which is set to 0.16 according to a sensitivity study in this work (see Table 3 ). The magnitude of the strain-rate tensor . Note that the LBM allows direct computation of S using local variables, whereas the N-S based solvers need to use an appropriate discretization procedure (like a finite-difference 7 approximation) to evaluate S . Finally, the same streaming-collision procedure discussed in the previous section is used to numerically solve the governing Eq. (10).
BOUNDARY CONDITIONS
The The macroscopic quantities u and  are known after streaming on the fluid nodes and the no-slip boundary condition is imposed on the wall. The boundary nodes are placed between the fluid nodes and the wall. Therefore, the macroscopic flow properties on the boundary nodes can be computed by an interpolation scheme as discussed below.
Computing the Velocity on the Boundary Nodes
The flow velocity components on the fluid nodes are computed after streaming by Eq. (6) and the wall velocity given by the velocity boundary condition (Dirichlet type). On the boundary nodes however, the velocity is unknown because of unknown populations streamed in from outside of the flow domain. As shown in figure 3 , the velocity N u 8 on the boundary node N of interest can be computed by interpolating the velocity between the fluid nodes 1 
where d denotes the distance of the relevant node from the wall point I w . Note that these quantities can be computed once and for all in the first step of solution.
Computing the Density on the Boundary Nodes
A local algorithm is implemented to compute the density on the boundary node N based on the fact that the distribution functions are separable in  , such that it can be rewritten from Eq. (4) 
Similarly, the non-equilibrium part can be approximated by the following relation [7] :  and includes the known population indices. Not that to avoid likely numerical stability reported in Ref. [28] , it is considered the known populations for node N in Eq. (21) include those streamed only from the fluid nodes around, not those streamed from the neighboring boundary nodes.
Absorbing Open Boundary Condition
As The relaxation parameter is considered to vary from its standard value to 1000 times higher value across the sponge layer interface ( 0.001 spongelayer
 
). Note that with artificially adding such a viscosity in the sponge layer, the relaxation time increases to a very large value which the Chapman-Enskog expansion is no longer valid for that condition. Vergnault et al. [22] have argued that it does not matter to match the physics in the sponge layer, just to dissipate energy.
NUMERICAL RESULTS
The 
Flow past a sphere
The flow past a sphere is a well-known benchmark problem for the assessment of numerical methods due to 3-D complicated flow structures and existence of numerous experimental and numerical results available in the literature for the sake of comparison [29] [30] [31] [32] [33] [34] [35] . The Reynolds number dramatically changes the nature of flow around the sphere.
Using an experimental investigation, Taneda [29] found that the flow past a sphere is perfectly laminar with no flow 11 separation for the Reynolds numbers less than computed with the momentum-exchange method [39] . Table 2 
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Tabata & Itakura [42] N.S. which is close to the typical value of Cs=0.17 used in the Navier-Stokes based LES solvers [48] . Re 10 . This study is performed by measuring the pressure wave reflection from the outlet boundary condition. Figure 9 shows the pressure fluctuation history measured at the middle of flow domain, point (15 , 4.5 , 4.5 ) DDD , that is placed in the downstream of the sphere. In this figure, the results obtained with employing the sponge layer on the outlet boundary are compared with those of obtained without using the sponge layer methodology. As it can be observed, with considering the sponge layer on the outlet boundary condition, the pressure fluctuations are damped and the reflected wave is significantly weak compared to the condition that the sponge layer is not employed. This investigation demonstrates that the sponge layer has effective impact to stabilize the numerical solutions based on the present LES-LBM by damping of the waves reflected from the outlet boundary. (bottom) at angle-of-attack 10 . As can be seen in this figure, at the both Reynolds numbers the flow separation is occurred in the suction side of the wing and large scale vortexes shed to downstream. In the case of the flow separates laminarly and transition to turbulence occurs in the separated shear layer along with vorticity fluctuations which can be seen in the velocity field shown in Fig. 11 . In Fig. 12 , the surface pressure coefficient distribution calculated based on the present LBM employed is compared with the numerical results reported in Refs.
Flow around a NACA0012 Wing Section
[13] and [49] at Re 500 and 10 which shows well agreement. The time evolution of the drag and lift coefficients of the NACA0012 wing section are shown in Fig. 13 for 
CONCLUSION
In can be an appropriate alternative computational technique to the conventional Navier-Stokes solvers for studying physical phenomena and solving flow problems over practical and realistic geometries. 
